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IITTRCDUCTION 



'The temperatures of the individual cylinders of 
mult icyl inder en^^ines usually deviate considerably froia 
the nean tenperature for the entire engine. This tem- 
perature deviation is objectionable because the cooling: 
requirement of the entire engine, determined by the 
necessity of cooling the hottest cylinder, often becomes 
much greater than the cooling requirement sufficient for 
the average cylinder. The requirement of large cooling- 
pressure drops is always undesirable from drag considera- 
tions and, for certain flight conditions, may render 
engine operation impossible if the required pressure ex- 
ceeds, the pressure available. 

The purpose of this report is to show by analysis 
of existing data, pending direct experimental determina- 
tion, the extent to which nonuniform distribution of fuel 
to the cylinders of a mul t i cyl inder engine can produce 
temperature deviation and the benefits to be anticipated 
from attainment of uniform fuel distribution. It is not 
to be inferred that variation of fuel distribution to the 
cylinders is entirely responsible for dissynr.etry of the 
tempero,ture pattern, but experimental invest igp^t ions lead 
to the conviction that this variation is a]n important 
fact or • 

AITALYSIS AlTD DISCUSGICIT 
The Cause of Variation in Cyl inder— Head 
Temperature with Euel— Air Ratio 

The highest combustion t emper atur*^?^ and correspond- 
ingly the highest cyl inder— head t emp er ature s oc ci:r at 
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fuel— air ratios of about 0.065 to 0.07, near to the 
theoretically correct comhining proportiorxS of fuel and 
air, as shown in figure 1. The reasons for lower tem- 
peratures at other fuel— air ratios are "based on the 
characteristics of fuel and air consumption shown in 
figure 2. At fuel-air ratios less than 0.07, the excess 
air, shown hy the dashed curve of figure 2, reduces the 
cylinder temperature hy internal cooling. At fuel—air 
ratios greater than 0.C7, excess fuel is supplied as 
shown by the solid line in figure 2 and the cylinder is 
internally cooled by the fuel. The exact niechonism by 
which cooling due to excess fuel is accomplished is a 
subject beyond the scope of this report. This mechanism 
involves changes in both the heat evolution and the 
thermal properties of the v/orking substance as well as 
the cooling due to simj^le refrigeration. At very rich 
and very lean mixtures the combustion is impaired, and 
the excess amounts of fuel and air required to maintain 
constant pov;er produce additional cooling. 



Temperature Deviations Due to Nonuniform Fuel 

Distribution and Their Relation 

to Pressure Drop 

The effect, upon the head temperature of a cylinder, 
of variation in the ratio of fuel to air in that cylinder 
is shovni in figure 3 for three modern radial air— cooled 
engines at sea— level Army summer— air conditions. These 
curves arc intended to shov/, for several typical pov/er 
conditions, the effect that could be prodiiced on indi- 
vidual cyl inder— head temperatures by nonun if orm i t i es in 
fuel dis tr ibut ion. 

The curves of figure 3 have been constructed from 
coolinr correlation curves of the* type shown in refer- 
ence 1, For each power condition shown, a cooling— air 
pressure drop has been chosen which, with uniform fuel 
distribution and as nearly as possible at the raUid fuel- 
air ratio, provides the head temperature limit (rear- 
spark— plug boss) specified. The head temperature at 
other fuel— air ratios has been calculated on the assump- 
tions that the charge— air flow and the cooling— air flov; 
are undisturbed and that tiie fuel— air ratio to the 
cylinder in question is changed as a result of a change 
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in only the fuel flov/. In order to facilitate comparison, 
the curves have heen extended over the entire range of 
fuel^air ratios, although it should he realized that 
actual engine operation in all parts of this range 'is not 
possihle at all pov;ers. The peaks of the curves may have 
"been slightly flattened hy the use of mul t i cyl inder- 
engine data instead of s ingle— cyl inder—en^^ine data. 

The s ignif icance. of these temperature variations is 
shovm- for sea—level conditions in terms of cooling--air 
pressure drop* "by figure»4. These curves shov/ the pres- 
sure drop required to maintain at the specified limits 
the head, temperature of the cylinder experiencing the 
changes in fuel flow. 

Specific Puel Consumption 

An inspection of the curve of "brake, specific fuel 
consumption of figure 2 discloses the relation of the 
hra,ko specific fuel consumption to deviations in fuel 
distrihut ion. Because of the practically linear rela- 
tion 01 specific fuel consumption to fuel— air ratio in 
the rich— mixture range, the effect on specific fuel con- 
sumption of nonunif orrait ios. of fuel— air ratio is compen- 
sating, and the "better economy of the cylinders receiving 
the leaner mi?:tures offsets the poorer economy of the 
cylinder s receiving the richer mixtures, with little net 
change in over-all economy. In the range of leaner mix- 
tures, v:here the relation of specific fuel consumption 
to iuoj,--air ratio is nonlinear, nonunif orm it i es of dis— • 
trihution are not compensat ing , . and the economy of the 
engine is impaired "by' poor dis tr ihut ion . 

Alt itude' Effect s 

The temperature deviations caused "by nonuniform 
dis tr ihut ion of fuel, as directly derived from cooling 
correlation curves, increase slightly with altitude. 
The cylinder-head temperature at fu.el-air ratios re- 
sulting from nonunif 9rm fuel distribution is plotted 
for engine A as a, function of altitude for. normal power 
in figure 5(a) and for cruising power in figure 5(1:). 
The head temperature of cylinders at the specified fuel- 
air ratio is maintained ' at the specified limit over the 
altitude range hy suitable adjustment of the cooling- 
air flow*- 
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The change in cooling-air flov; required to over- 
come these temperature deviations likewise increases 
with altitude. Because of the decrepoSe in density the 
effect of nonuniform distribution of fuel on the pres- 
sures-drop requirement increases with altitude. This ef- 
fect is sliov/n for two representative pov/er conditions 
in figure 6, 

At sea level the pov/er required to pump cooling air 
across the engine is small compared to the engine output 
and the cool ing— power variation with fuel—air ratio, al- 
though cons idera"ble , is usually unimportant. The 
cooling— air pumping power QAp , the product of the cool- 
ing—air volume flov/ Q and the pressure drop Ap , of 
engine A for cruising at sea— level conditions is shov/n 
"by the solid line of figure 7 as a function of fuel— air 
ratio^ The larger pressure drops at higher altitudes, 
in conjunction with the greater volumes of cooling air, 
greatly increase the power required ir>v pumping the 
cooling air. This effect is shown "by the dashed line 
of figure 7, For the altitude calculations, sea— lev«l 
conditions of carburetor and exhaust pressures, repre- 
sentative of a turbo super cha.rger installation, v/ere 
as sum ed • 

At high altitudes the cooling power is no longer 
unimportant, particularly v/hen the available pressure 
drop is limited, as in the cruising condition. The in- 
ternal drag horsepower associated with cooli n g V ar i e s 
from the pumping pov;er as a minimum to tv/ice this value 
for a system requiring the entire available pressure 
drop to force air across the engine. The variation in 
internal drag pov/er may, as a consequence, be consider- 
ably greater than the variation of the pumping pov/er 
QAp as shown by the upper curve of figure 8, This 
curve, also for an altitude of 30,000 feet, has been 
constructed on the assumption that, at a fuel— air ratio 
•f 0,07, the pressure drop across the engine is equal 
to the maximum pressure drop available. 



Benefits of Uniform Fuel Distribution 

The advantages to be realized from uniform fuel 

distribution are important for two principal reasons. 

When an engine is so operated that optimum conditions 

prevail for the average cylinders, nonunif ormity cf 
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fuel distr itut ion Ccauses deviation from the optimum in 
the other cylinders to the detriment of engine cooling, 
fuel consumption, or "both. What is even more important 
is that (hecause of the close proximity of the optimum 
o conditions to the engine operating limits) v:ithout uni— 

( form distribution, operation of an engine v;lth seme of 

the cylinders at optimum conditions may *be rendered in- 
possible by knocking or misfiring in the other cylinders* 

In the high— pov/er range the temperature of the 
hottest cylinder is often 50^ T above the mean, v;hich 
if attributed entirely to nonuniform distribution of 
fuel, is found in figure 3(a) for normal rated power to 
correspond to a fuel-air ratio of 0.082 instead of 0.095. 
Reference to figure 4(a) shows that the pressure drop 
required to cool a cylinder at normal power and at a 
fuel— air ratio of 0,082 is 8.2 inches of water instead 
of the 4.7 inches of water required for the average 
cylinders. The benefit of uniform distribution wculd 
then be a 42~percent reduction in -required cooling— air 
pressure drop. 

When sufficient pressure drop is available, it may 
be desirable for high— power operation to accept the 
press-are— drop penalty at a leaner mixture in order to 
improve the economy. Operation at this condition is 
possible only if the fuel distribution is very nearly 
uniform because of the danger of knocking in cylinders 
at lean mixtures. 

In the cruise range for certain types of engines 
such as engine A, the benefits of uniform distribution 
are striking. Present cruise— power operation appears 
to be at a fuel— air ratio of 0.07, close to the peak of 
the pressure— drop curve (fig. 4(a)) and to the right of 
the point of minimum specific fuel consumption (fig. 2). 
For sea— level cruising operation the use of a fuel— air 
ratio of 0.06 with very nearly uniform distribution 
offers a probable 50— percent reduction in cooling pres- 
sure drop and a 5— percent reduction in brake specific 
fuel consumption together v/ith the rediiced internal 
drag due to the decreased flow of cooling air. Without 
uniform distribution, operation at very lean mixtures 
is neither profitable nor possible. 

She importance of uniform fuel distribution in al- 
titude cruising is shov/n by figure 9, v/hich shows 
cooled— pov;er specific fuel consumption, here defined as 
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Fuel consuapt ion 



~ , , ["internal cooling— air drag horsepov;er 

Brahe horsepower — 2 ^ 

propeller efficiency \, 0.8) 

plotted ag-ainst fuel— air ratio. The internal cooling- 
air drag horsepower in this equation is that shown "by 
the solid line of figure 3. The net cooled— power 
specific fuel consumption is reduced from 0.G2 to 0.50 
pound per hor s epower— hour in reducing the fuel— air 
ratio froLi 0.07 to 0,06, which is a 20 percent reduc- 
tion in fuel consumption. 



C0]vTCLU3 IGrTS 



1, The pressure drop required for a typical engine 
developing rated pov/er at a fuel— air ratio of 0.095 v/ith 
a temperat^ire difference of 50^ I "betv/een the hottest 
and the average cylinder may "be almost twice the pres- 
sure drop required to cool an engine with uniform cylin- 
der t emp er atur es . 

3, An economic reduction in fuel— air ratio in 
cruise made possible hy uniform fuel— air mixture may he 
accoujoanied hy as much as a 50— percent reduction in re- 
quired cooling— air pressure drop for somie aircraft en- 
gines . 

o. The reduction in fuel— air ratio in criiise made 
possible hy attainment of a uniformi fuel— air mixture 
and consequent reduction of cooling drag would effect 
a d-esirahle reduction in fuel consum;pt ion . At 30,000 
feet altitude the reduction of fuel consumption may he 
as much as 20 percent. 



Langley I-Iemorial Aeronautical Lat^ora^t ory , 

national Advisory Committee for Aeronautics 
Langley Field, Va. 
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FiauRE I.- The variation in head temperature with fuel-air ratio of a 

CYLINDER OPERATING AT CONSTANT POWER AND COOLINQ-AIR FLOW, 
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Figure 2.- Brake specific fuel and air consumption variation with fuel-air ratio 

FOR engine Ay cruising power* 
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(b) Engine B. 




(c) Enqine C, 



Figure 5.- The relation between cylinder-head temperature and individual 

cylinder fuel-air ratio, 
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(a) Engine A, 
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(b) ENeiNE B. 




(c) ENQINtE C. 




(a) Normal POfiER, engine A. 




(b) Cruising power, engine A. 
Figure 5.- The variation with altitude o»^ the effect of mald i st i b.ut i on of fuel 

ON CYLINDER-HEAD TEMPERATURE, PRESSURE DROP VARIES WITH ALTITUDE TO MAINTAIN 
SPECIFIED TEMPERATURE LIMIT AT SPECIFIED FUEL-AIR RATIO. 




(b) Cruising power, engine A; head-temperature limit, h^O^ F. 



Figure 6.- The variation with altitude of the effect of maldistribution of fuel 
on coolfnr-air pressure drop rfouirfo to meet specified temperature limits. 




FieoRE 7.- VaBIATION of COOLINO-AtR PUMPINQ POWER WITH FUEL-AIR RATIO. 




FiauRE 8.- Comparison of coolinq-air pumpinb power and maximum possible coolinq-air 
DRAG HORSEPOWER. Ensine A, CRUI3IN0 POWER AT 50,000 feet; head temperature, 1;50° F. 




'J.- Effect of fiiel-air ratio on fuel cons^:imption per net cooled horsepower. 



